Whilst genotype-environment interaction is increasingly receiving attention by 33 ecologists and evolutionary biologists, such studies need genetically homogeneous 34
replicates-a challenging hurdle in outcrossing plants. This could potentially be 35 overcome by using tissue culture techniques. However, plants regenerated from tissue 36 culture may show aberrant phenotypes and "somaclonal" variation. Here we examined 37 the somaclonal variation due to tissue culturing using the response of the 38 photosynthetic efficiency (chlorophyll fluorescence measurements for F v /F m , F v '/F m ' 39 and Ф PSII , representing maximum efficiency of photosynthesis for dark-and light-40 adapted leaves, and the actual electron transport operating efficiency, respectively) to 41 cold treatment, compared to variation among half-sibling seedlings from three 42 different families of Arabidopsis lyrata ssp. petraea. Somaclonal variation was 43 limited and we could successfully detect within-family variation in change in 44 chlorophyll fluorescence by cold shock with the help of tissue-culture derived 45
replicates. Icelandic and Norwegian families exhibited higher chlorophyll 46 fluorescence, suggesting higher cold tolerance, than a Swedish family. Although the 47 main effect of tissue culture on F v /F m , F v '/F m ' and Ф PSII was small, there were 48 significant interactions between tissue culture and family, suggesting that the effect of 49 tissue culture is genotype-specific. Tissue-cultured plantlets were less affected by cold 50 treatment than seedlings, but to a different extent in each family. These interactive 51 effects, however, were comparable to, or much smaller than the single effect of family. 52
These results suggest that tissue culture is a useful method for obtaining genetically 53 homogenous replicates for studying genotype-environment interaction related to 54 adaptively relevant phenotypes, such as cold tolerance, in non-model outcrossing 55 (George & 77 Sherrington 1984) . However, tissue culture has been exploited rarely for studies on 78 the genetic basis of genotype-environment interaction, and the few existing studies 79 (Glock 1989; Glock & Gregorius 1986 ) focused only on callus characteristics as 80 target phenotypes. One potential issue that should be carefully considered is that 81 tissue-culture derived microshoots can express phenotypic, "somaclonal" variation 82 (Larkin & Scowcroft 1981) or may sometimes show aberrant morphology and 83 physiology in vitro (Joyce et al. 2003) . This somaclonal variation resembles that 84 induced by physical mutagens, with elevated levels of chromosome breakage and 85 rearrangement, polyploidy, aneuploidy, transposon activation and point mutation (D' 86 Amato & Bayliss 1985) . Therefore, with a view to exploiting the techniques of tissue 87 culturing more widely in studies of genotype-environment interaction in outcrossing In this study, we measured the chlorophyll fluorescence parameters F v /F m , F v '/F m ' and 132 Ф PSII before and after cold shock, as an index of cold tolerance, for seedlings from 133 three families from geographically isolated populations of A. lyrata ssp. petraea, and 134 tissue cultured plantlets derived from several genotypes (seeds) in each of those 135 families (Table 1) . In order to evaluate the usefulness of tissue culture for obtaining 136 genetically homogenous replicates and to assess how much adaptively-relevant 137 variation exists within the species, we tested whether (i) among-genotype phenotypic this study because these locations were not privately owned or protected in any way 151 and because the species was not protected in these countries. The species is a 152 perennial herb and keeps leaves throughout the year. We used a family of seeds that 153 were at least half-siblings, from one mother plant in each population. We grew 28-40 154 seedlings per family and in each case derived 44-69 tissue-cultured plantlets from 2-3 155 seeds (1 genotype = cloned plantlets from one seed) of each family. shock among tissue-culture derived plantlets within each genotype was different from 231 that in seedlings of half-siblings of the same family using Bartlett tests. Because the 232 number of blocks differed between seedlings and tissue-cultured plantlets (Table 1) according to the best model (Table 3) Among-genotype variance 292
293
We were able to test for among-genotype variance using replicates generated by tissue 294 culture within genotypes and we detected such variance in F v /F m , F v '/F m ' and Ф PSII 295 measurements ( Table 2) . On the other hand, we showed significant but low 296 somaclonal variation. The within-block variance component for tissue-cultured 297 plantlets was relatively small ( Table 2 ). The Bartlett tests showed that somaclonal 298 variation was smaller than, or at least remained within the range of, the within-family 299 variance, which is the smallest naturally observed component of variation in the 300 hierarchy of genetic structure (Fig. 1) . In A. thaliana, studies of natural variation have 301 focused mainly on between-population variation (e.g. (Shindo et al. 2007 ). In contrast, 302
A. lyrata has substantial within-population variation, for example in the composition 303 of glucosinolates (Clauss et al. 2006) or self-incompatibility genes (Schierup et al. 304 2008) . In this paper, we showed that there is within-family as well as among-family, (Table 2 ). In A. 316 thaliana, the change in chlorophyll fluorescence from before to after cold shock 317 correlates with tolerance to sub-zero temperatures measured by electrolyte leakage or 318 survival and, therefore, this is regarded as an indicator of cold tolerance (Ehlert & 319 Hincha 2008; Heo et al. 2014; Khanal et al. 2015) . Therefore, our result also 320 represents evidence for among-family (thus possibly among-population) variance in 321 cold tolerance. Linear mixed models (Table 3) showed that F v '/F m ' after cold-shock 322 was higher in family Ardal and Sandfell, and F v /F m and Ф PSII after cold-shock was 323 higher in family Sandfell, compared to Notsand (Sweden). These results are consistent 324 with families Aradal (Norway) and Sundfell (Iceland) being derived from relatively 325 high latitude and high altitude and so having high cold tolerance. This among-family 326 effect was weaker for tissue-cultured plantlets (Table 3 ). This may be due to the small 327 number of genotypes for each family in our nested experimental design, or, could be 328 explained by the main part of the among-family variance detected for seedlings being 329 due to among-genotype variance within families. 330 331
Effects of tissue culturing 332 333
We detected genotype-specific effects of tissue culture on F v /F m , F v '/F m ' and Ф PSII 334 (Table 3) . This is consistent with a previous report of a genotype-specific effect on 335 callus characteristics (Glock 1989; Glock & Gregorius 1986 ). The three measured 336 parameters of chlorophyll fluorescence (F v /F m , F v '/F m ' and Ф PSII ) all decreased after 337 the cold treatment (Table 3) , indicating a decrease in photosystem II activity, as 338 reported in previous studies (Finazzi et al. 2006) . A positive effect of interaction 339 between tissue culture and cold shock for Ф PSII suggests that tissue-cultured plants 340
were less affected by cold shock than seedlings, and an interaction between tissue 341 culture, cold shock and family suggests that the extent to which tissue-cultured plants 342
were less affected by cold shock differed among families. Any differences among 343 families in traits related to responses to the tissue-culture environment, including root-344 cutting, callus formation and growth on medium, might explain these observed 345 interactions between tissue culture and family. This finding is consistent with the 346 report that somaclonal variation is genotype-dependent and influenced by both the 347 explant source and the tissue-culture protocol (George & Sherrington 1984) , and a 348 recent study that found that the effect of tissue culture on somatic mutations depended 349 on genotype (Zhang et al. 2010 ). The effects of tissue culture-genotype interaction, 350 however, were comparable to, or much smaller than the single effect of family (Table  351 3), indicating that such interactions would not mask the single effect of genotype. The 352 interaction between tissue culture and family was much smaller in Ф PSII (the range 353 between maximum and minimum estimates was 0.043 − (−0.005) = 0.048, Table 2) 
